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(54) Title: VIBRATION ACTUATOR 




(57) Abstract 

A vibration actuator with multiple degrees of freedom comprising one or more stators (14) and a spherical moving member (18) The 
stator (14) comprises a number of resonators (15), preferably three arranged in a triangle, with a driving force output member (3) attached 
to and projecting from each resonator (15). A number of piezoelectric elements (1, 6) are attached to the surface of the resonator (15) to 
generate a motion of the driving force output members (3) to cause a relative motion of the spherical moving member (18) The impressed 
driving voltage for the excitation of the piezoelectric element (1 , 6) is a sum of partial voltages, where each partial voltage excites a bending 
vibration of the resonator. 6 6 
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BACKGROUND OF THE INVENTION 

The present invention relates to a vibration actuator as described in the descriptive part 
of claim 1. The invention relates further to a method for generating a vibration in an 
elastic member. 

Actuators to generate mechanical torque are usually single axes devices. These single 
axes devices can be combined in cases where torque is needed in two or three dimen- 
sions. However, the result is often heavy and expensive equipment. 

A different type of actuator is disclosed in US-patent with no. 5,872,417. The de- 
scribed actuator is a vibration actuator that is compact and capable of motion around 
multiple axes. The vibration actuator includes a vibration element having drive force 
output members, and a relative moving member having a curved surface. The curved 
surface contacts the drive force output member to generate relative motion of the rela- 
tive moving member with respect to the vibration element. The vibration element in- 
cludes a frame shaped elastic member having the drive force output members attached 
thereto, and having electromechanical converting elements, usually piezoelectric ele- 
ments, contacting the elastic member. When the electromechanical converting ele- 
ments are excited by a drive voltage, vibrations are generated in the elastic member to 
produce a drive force which is transmitted to the relative moving member via the drive 
force output members. The vibration element can be controlled to generate relative 
motion in various directions by selectively controlling the electromechanical convert- 
ing elements which are excited by a drive voltage. 

The electromechanical converting elements are excited by voltages to achieve in the 
drive output force members a combination of two kinds of vibration, a longitudinal 
vibration parallel with the plane containing the points of contact between the driving 
force output members and the relative moving member, and a bending vibration in a 
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airacdon tntersecdng the plarte. The ^ - — *— " 
,o generate an elliptical motion of the output members. 

ta te described — . lougitodraal vibradon, in to pUn. of the frarae *aprf 

^nonofn.^e^e^craerabe,.^^^^" 
I possible ,0 .void ^ vibrations in such . device, in _ *. 
JL, it - be pointed out bera drat generadng bending vibrauons ra soob 
vice is far raora effloient than longitudinal vibrations. 

10 

SUMMARY OF THE INVENTION 

„ * m object of the present invention ,o ptovide a vibration actuating multiple 
Lea of freedom wbicb eotnprises only binding vibrations in tbc elasbc member to 
15 ^eratcdtivingmovemen^oftbedrivingforccouvutmcmbers. 

According . the present invention, mis is achieved by a vibradon actuator raentioned 

SI, of introduction *— m ma, the Station of the - 
IJIg elements goncra KS a vibradon which is a aura of p^ial vibrattons, ^ 

20 I par,' I vibration is , bending vibradon. Preferably, the vibratton ,s a sum of 
brations in the fust and the second bending mode. 

;„.rf This wav the actuator according to the present 
Longitudinal vibrattons are omttted. Tbts way, „„, ^ 

invention is far mora effective than Ultewise « of pnor at, 

mod es only is sufflcien, to move the relative movtng wtth multtp.e degr 
dom. 

* raWve modon member may have a spbeHca, S bape o, bo shaped as P*< of a 
30 sphere. 
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The actuator comprises a number of elastic elements, each of the elastic members 
comprises at least two electromechanical converting elements. Preferably, the elastic 
elements comprises four electromechanical converting elements arranged in pairs on 
each side of the elastic member. The electromechanical converting elements are pref- 
5 erably piezoelectric elements. The elastic elements can be made of any elastic mate- 
rial, for example metal, glass, plastic, or a composite material 

The driving force output member on the elastic member is according to a further em- 
bodiment of the invention located between two electromechanical elements that are 
1 0 located on one side of the elastic member. 

The shape of the vibration element according to a further embodiment of the invention 
is polygonal, preferably triangular. Each side of the polygon comprises an elastic 
member. The locations for the connections between the elastic members coincide with 

15 the location of nodes of the wave- formed bend of the elastic members during the 
bending vibration. This implies the advantage that the mutual influence of the resona- 
tors on their individual motion is very small and consequently, they can be treated as 
independent in a mathematical model. For the optimum design of the actuator, this is a 
great advantage leading to more precise results than if the resonators would influence 

20 each other. Also, a simple, yet precise, model is an advantage when implementing a 
model based feedback control system. 

In order to stabilise the relative moving member on the vibration element, the actuator 
in a further embodiment of the invention comprises a compression element, that 
25 presses the relative moving member against the driving force output member. This is 
also a way to avoid that the relative moving member, preferably a sphere, falls out of 
the actuator. Furthermore, the friction between the surface of the relative moving 
member and the driving force output members can be increased. 



30 According to a further embodiment of the invention, a second vibration element is 
comprised by the actuator, wherein the second vibration element is arranged on the 
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tion element. 

A tother advantage of the present invent is a geoeml nredrod of genemting vibra- 

vibrnl of the e«c member, me vibration ofthe » 

of partia, vibtriona. where each partia! vibration is n bnndmg vtbtntron. Preferably 
„ It lotions are m me «. and second bending mode. * method ,s genet, m 
10 It:, I „*~ » other devices - — — bowever. the appbcatron 
in a vibration actuator is preferred 

BRIEF DESCRIPTION OF THE DRAWINGS 
15 These and other objects and advantages of the invention will become apparent and 
taken in conjunction vvith the accompanying drawings, of whrch: 

20 Fig.l shows a simple form of a resonator, 

Fig.2 shows a piezo resonator with four piezo elements, 

Fig 3 illustrates the first mode bending of a resonator, 

Fi ,4 illustrates the second mode bending of a resonator, 

Figs illustmtesthefigure-Scurvemotionofmeendpartofthecontactup, 

of the invention, 

30 Fig9 L^viewofmnncma.or.mrminmcadonofmemo.ionsof.beooomcips 

which causes me sphere to rotate mound the fourth ax,s, 
^.ol^no-rnfa^etonmnidpiedeg^sof^omcibrntionnemaror. 
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Fig. 11 is a side view of an actuator in another embodiment of the invention showing 

the stator, the sphere, and a compression member, 
Fig. 12 is an oblique view of an actuator in a still another embodiment of the invention, 
Fig. 1 3 is a side view of an actuator in a further embodiment of the invention compris- 
5 ing two compression members and two stators, 

Fig. 14 is a side view of an actuator in a still further embodiment of the invention com- 
prising four stators . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

10 

Without loss of generality in the following, the vibration element is called stator, the 
electromechanical converting element is called piezo element, the elastic member in 
combination with the piezo elements is called resonator, and the driving force output 
member is called contact tip. 

15 

Furthermore, the stator will be explained from the point of view, where the stator is 
triangular. However, a quadrangular or other polygonal shapes are possible. 

FIG. 1 illustrates in a simple form the principle of a resonator with piezo elements. A 

20 piezoelectric ceramic element 1 is attached to the upper side of an elastic member 4. A 
constant voltage applied vertically across the upper piezo element 1, the voltage being 
in the same direction as the internal polarisation in the piezo element 1, will cause the 
upper element 1 to contract so that the elastic member 4, which is fastened to a sup- 
port 5, bends and moves the tip 3 at the end of the elastic member 4 upwards. The 

25 force on the elastic member is increased, if a second piezo element 2 is used in combi- 
nation with the first element 1. When simultaneously a constant voltage is applied 
vertically across the lower piezo element 2, the voltage being in the opposite direction 
of the internal polarisation of the lower piezo element 2, _the . lower piezo elemenrex-^ 

pands so that the bending force is increased. 

30 

If the voltages are reversed, the elastic member 4 will bend downwards. By applying a 
sinusoidal input voltage U(t)=U 0 sin(27rf t), where t is the time and U 0 is an amplitude, 
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, U bend up and down with frequency £ If this fie 
the driving part with the u P 3 will ^ ^ ^ ^ ^ ekm ents 

! ( 2 , the deflection will increase oy 

laments 1 2, 6, 7 arranged in pairs. If 
*tVi four Diezo elemems 1, ^» v > 
5 FIG. 2 shows a piezo resonator wi* P ^ ^ 2 ^ ^ ^ ^ piez0 

elements 6, 7, the elastic member 4 win 
erted on the elastic member 4. 
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15 



25 



eneu wi* «w 

,„her 4 is support^ „ its ends by a soppon 8. 
MM - to ™ 3. * -J ^ ^tion in 0* - 

Assum ing ft* •» t*» *» e " K 1 • , „ aown 10. if tl" "P- 

^oa ft= ** 4 " * r - "^ , 2 is «H ft the voi* 0. 
pW volftge Ua — fte « P* - mo de. if .He colftge 

U . =U , is — , applM to * P,. «. 

aee applied acoas fte « pa,. 1. 2 * ^ ^ , ^ stoatol . 

Ua . Ub . * elastic » ^ 3 ^ wm wnd . in g 

second bending mod. In *• ■» wrf- <f — from 

side to side. 

mp lex bending mode by applying 
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* *— » f F1G ' 3 ' ^ Z i lip ,3 »i» tnovc . n soiled Lissaioos 
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^ ing ^ccxci«iona»dvolftgcU,»n- J rteiipatd . nerenlli ^,. 
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curve. At time t 2 the increase of U 2 forces the tip to turn to the left and U, forces the 
tip upwards. At time t 3 , U 2 is zero and does not excite the tip, U, is at maximum and 
forces the tip to the highest position. At time t 4 the decrease of U 2 forces the tip to turn 
to the right, U, is decreasing thus lowering the tip. At time t 5 both U 2 and U, are zero 
5 and thus, the tip will be in the centre of the figure-8 curve. At time t 6 , the increase of 
U 2 forces the tip to turn to the left and U t forces the tip downwards. At time t 7 , U 2 is 
zero and does not excite the tip, U, is at minimum and forces the tip to the lowest po- 
sition. At time t 8 , the decrease of U 2 forces the tip to the right, U, is increasing and 
thus, rising the tip. At time t 9 , the tip has returned to the initial position of the cycle. 

10 

The resonator is characterised by its resonance frequencies f rl and f r2 , where f rl corre- 
sponds to a resonance in first bending mode and f r2 corresponds to a resonance in the 
second bending mode. By choosing the driving frequencies f, and f 2 such that f,=f rl 
and f 2 =f r2 , an optimal activation of the first and second bending mode is obtained. 

1 5 Normally, the ratio between the resonances f r2 /f rl differs from 2, so it is not possible at 
the same time to fulfil all three conditions f 2 /f,=2, f,=f rI and f 2 =f r2 . Therefore usually 
in resonance conditions, the end of the contact tip will not move on a curve which has 
a form like a figure-8. However, the condition f 2 /f,=2 can be achieved without serious 
loss of performance. Mathematical models are normally used to find the optimal way 

20 of exciting the resonators. As these mathematical models only approximate the actual 
situation to a certain degree, it is of advantage if the physical system can be modelled 
with are relatively simple but yet precise model 

FIG. 6 is an oblique view of a vibration actuator in accordance with a first embodi- 
25 ment of the invention. A triangular stator 14 comprising three resonators 15 which are 
plate shaped and constitute the sides of the stator, forms the base for the relative 
moving member 18, which in this case is a sphere. The moving member 18, however, 
could also be only a part of a sphere, and furthermore, it could be hollow or solid. 



30 Each of the resonators 15 comprises two pairs of piezo elements 1, 2 and 6. 7 in be- 
tween of which a contact tip 3 is localised. The sphere 18 is resting on the three con- 
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optimum. 

• q nf which is shown on figure U can 
For mounting the stator, a supporting ring 8, half of which is 

• „ 8 « attached to the stator at the nodes of the vibra 
k» „cpH where the supporting ring 8 is attacnea ra wc 

as it supports the stator at the vibrational nodes. 

,„ npe.ation while osin 6 -he ft* ^ seoond ^ mode. *e — 

. „„„ 15 n a. the nodes of the bend. This impl.es to. the mutual 

L. aa independent „ a mamematicn. mode,. F* *. ^ ^ 

„ .his is a ^ advantage, boconse « is possible to make . prec.se model, s,nce the 
^Zlia^a^^o^^U^*^^"-'" 
15 p^semodel^iftoresonMnrswomdinfluenceeachnthe,. 

With teferenoe to P.O. 7, » motion of the sphe,. IS is explained in - M 

20 M^howdaesphereisforcedtorouteabontto^ond 

ex<:iB d in dte fits, mode. A likewise «plana,,on appl.es to — 



25 



and third axes. 



30 



, o tu» intact tin 3 acts on the sphere 18 witn a iun,= 
the sphere 18. The contact tip neC essary friction 

^ •«.„ two forces- Ft and Fn. The force Fn provides the necessary 

sir. 7a the tin now moves down. The torce rn win & 
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Another way of explaining the motion of the contact tip is given by FIG. 8. The con- 
tact tip 3 comes in contact with the surface 21 of the sphere 18 at point A. At that 
point, it has a tangential velocity which is lower than the tangential velocity (vt) of the 
sphere. The contact tip 3 is then accelerated so that the tangential velocity of the con- 
5 tact tip 3 is equal to the tangential velocity (vt) of the sphere. This happens at point A'. 
After this, the contact tip 3 exerts force on the surface 21 of the sphere because of 
friction with a velocity equal to vt. At point B' the contact tip 3 gradually looses its 
frictional grip until it separates from the surface 21 at point B. 

10 When one or more of the resonators is excited in the combined vibration mode the 
sphere will rotate about the 4. axis. FIG. 9 is a top view of the vibration actuator. The 
applied voltages are chosen such that the vibration pattern of the contact tips 3 are 
curves formed like a figure-8. The voltages are furthermore chosen such that the con- 
tact tips 3, when they reach the upper part of their figure-8 motion, move in the direc- 

15 tion as indicated with arrows 22 in FIG. 9 and thereby forcing the sphere 18 to rotate 
about the fourth axis, which is the axis orthogonal to the plane of the triangular stator. 

FIG. 10 shows a circuit of a drive for a multiple degrees of freedom vibration actuator, 
wherein drive voltages are impressed on the respective sets of piezoelectric elements 
20 la, lb, lc, 6a, 6b, 6c. 

As shown in FIG. 1 0, an oscillator 3 1 generates a sinusoidal voltage with frequency f, 
and an oscillator 32 generates a sinusoidal voltage with frequency f 2 . The voltage from 
oscillator 31 is input to electric summation amplifiers 36a and 36b. The voltage from 

25 oscillator 32 is connected or disconnected to the following circuit via a switch 33. The 
output from switch 33 is branched to an 180 degrees phase shifter 34 and to a rotation- 
direction switch 35. The output from phase shifter 34 is also input to the switch 35. 
The two outputs from the switch 35 are inputs to the electric summation amplifiers 
36a and 36b. The outputs from the summation amplifiers is input to high voltage 

30 amplifiers 37a and 37b. The output from the amplifiers are inputs to three resonator- 
selection switches 38a, 38b, 38c. 
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It can be advantageous to be able to regulate the press of the sphere against the contact 
tips in order to control the friction. A possible configuration is shown in FIG. 1 1. The 
sphere 18 is located between the stator 14 of the actuator and a compression member 
5 23 in the form of a low friction ball bearing. Both the stator and the compression 
member can be spring loaded 24, 25 as shown in the figure. However, it suffices to 
spring load only one of the two components 14, 23. Spring loading has the advantage 
to achieve an approximately constant force with which the sphere 1 8 is pressed against 
the contact tips 3, irrespective of eventual tolerances in the parts making up the actua- 
10 tor. It is necessary in the design of the actuator, however, to choose springs that do not 
exhibit any state of resonance during the working of the resonator. 

FIG. 12 shows still another embodiment of the invention. In this case, two stators 14 
are used to fix the sphere 18 in the centre between the stators. The mounting rings 8 
15 with the stators 14 can be spring loaded to achieve an approximately constant force 
between the sphere 1 8 and the contact tips 3. 

FIG. 13 shows a further embodiment of the invention. In this case, the sphere is lo- 
cated between two compression members 23 in the form of low friction ball bearings 

20 such that the sphere can rotate freely, but with the centre of the sphere kept in place. 
The stators 14 can thus be pressed against the sphere with a predetermined force, how- 
ever, the weight of the sphere does not influence the pressure of the sphere against the 
contact tips 3. The compression members can be located parallel with the stators as 
shown in the figure, but other locations, for example at right angles to the stators. are 

25 also possible. 

Also shown in FIG. 13 is an optional device 26, for example a camera or a robot arm, 
attached to the sphere 18. A device 26 can also be attached to the sphere 18 by con- 
nections means as for example a connecting rod: 

30 

FIG. 14 illustrates how several, in this case four, stators 14, preferably triangular sta- 
tors, can be used for driving the sphere 18. In this case, the actuator is still operable, 
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A still farther application is in high flexible vehicles, where the sphere acts as a wheel 
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CLAIMS 

, . A vibration actuator with multiple degrees of freedom, comprising at least one vi- 
bration element (14) and a relative moving member (18), 

5 wherein the vibration element (14) comprises 

- at least one elastic member (15) which is plate shaped, 

- a driving force output member (3) attached to and projecting from the elas- 
tic member (15) at a predetermined position, and 

- at least two electromechanical converting elements (1, 6) attached to a sur- 
I0 face of the elastic member (15), the electromechanical converting elements 

(1 6) being excited by impressing driving voltages thereon to generate a mo- 
tion of the elastic member (15) and thereby causing a driving movement of 
the driving force output member (3), 
wherein the relative moving member (18) has a curved surface contacting the driving 

1 5 force output member (3), 

wherein the driving movement of the driving force output member (3) produces a 
relative motion of the relative moving member (18) with respect to the vibraUon ele- 
ment(14), 

20 tZwteZlf !he electromechanica! converting elements (1, 6) generates a vi- 
bration of the elastic member (15) which is a sum of partial vibration, where each 
partial vibration is a bending vibration. 

2. A vibration actuator according to claim 1 c h a r a c t e r i , e d i n that the vibration 
25 is a sum of partial vibrations in the first and the second bending mode. 

3. A vibration actuator according to claim 1 or 2 c h a r a c t e r i z e d i n that the 
relative moving member comprises at least part of a sphere. 
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4. A vibration actuator according to claim l-3characterized in that the elas- 
tic member comprises four electromechanical converting elements arranged in pairs 
on each side of the elastic member. 

5 5. A vibration actuator according to claim 1 ^characterized in that the 
driving force output member on the elastic member is located between two electrome- 
chanical converting elements that are located on one side of the elastic member. 

6. A vibration actuator according to claim l-5characterized in that the con- 
1 0 verting elements are piezoelectric elements. 

7. A vibration actuator according to claim 1 - 6 c h a r a c t e r i zed in that the vi- 
bration element is polygonal with each side of the polygon comprising an elastic 
member. 

15 

8. A vibration actuator according to claim 1 - 7characterized in that the vi- 
bration element is triangular. 

9. A vibration actuator according to claim l-8characterized in that the loca- 
20 tions for the connections between the elastic members coincide with the location of 

nodes of the wave formed bend of the elastic members during the bending vibration. 

10. A vibration actuator according to claim l-9characterized in that the vi- 
bration element further comprises at least one compression element. 

25 

1 1. A vibration actuator according to claim 1-10 characterized in that the 
vibration actuator comprises two vibration elements arranged parallel and in contact 
with the relative moving member. .. 

30 12. Method of generating a vibration in an elastic member (15) which is plate shaped, 
where at least two electromechanical converting elements (1, 6) are attached to a sur- 
face of the elastic member (15), the electromechanical converting elements (1,6) be- 
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elastic member (15), c n a r a 

O^isasumofpartialvibmtions.whereeachp^al.bmuonxsabend , 

. • nnV.racterized i n that that the vibration is a 
c 13 Method according to claim 12 c h a r a c t e r , 

s ^ofpanialvib ra tionsinmefir S tand m e S econdbendin g mode. 

♦ p r i y e d i n that that the elastic 
,, MChC - — B «».*•'»«■ V - 

10 where - *- — — ™ . - — 

live movU* — Oft — — 7:^1 prajKl m. from 
member 0» - • «*• »- T : HI **L of *e e«e 

member (1 5) causes a driving movemem of the dnvmg 



15 
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FIG. 3 
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FIG. 6 
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